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The general characteristics and system level concepts for space-based magnetometers are presented
to illustrate the instruments, principles, and tools involved in making accurate magnetic field
measurements in space. Special consideration is given to the most important practical problems that
need to be solved to ensure the accuracy of the measurements and their overall impact on system
design and mission costs. Several types of instruments used to measure magnetic fields aboard
spacecraft and their capabilities and limitations are described according to whether they measure
scalar or vector fields. The very large dynamic range associated with magnetic fields of natural
origin generally dictates the use of optimized designs for each particular space mission although
some wide-range, multimission magnetometers have been developed and used. Earth-field magnetic
mapping missions are the most demanding in terms of absolute accuracy and resolution,
approaching<1 part in 100000 in magnitude and a few arcsec in direction. The difficulties of
performing sensitive measurements aboard spacecraft, which may not be magnetically clean,
represent a fundamental problem which must be addressed immediately at the planning stages of
any space mission that includes these measurements. The use of long, deployable booms to separate
the sensors from the sources of magnetic contamination, and their impact on system design are
discussed. The dual magnetometer technique, which allows the separation of fields of external and
spacecraft origin, represents an important space magnetometry tool which can result in significant
savings in complex contemporary spacecraft built with minimum magnetic constraints. Techniques
for in-flight estimation of magnetometer biases and sensor alignment are discussed briefly, and
highlight some basic considerations within the scope and complexity of magnetic field data
processing and reduction. The emerging field of space weather is also discussed, including the
essential role that space-based magnetic field measurements play in this complex science, which is
just in its infancy. Finally, some considerations for the future of space-based magnetometers are
presented. Miniature, mass produced sensors based on magnetoresistance effects and
micromachined structures have made significant advances in sensitivity but have yet to reach the
performance level required for accurate space measurements. The miniaturization of spacecraft and
instruments to reduce launch costs usually results in significantly increased magnetic contamination
problems and degraded instrument performance parameters, a challenge that has yet to be solved
satisfactorily for “world-class” science missions. The rapidly disappearing manufacturing
capabilities for high-grade, low noise, soft magnetic materials of the Permalloy family is a cause of
concern for the development of high performance fluxgate magnetometers for future space missions.
[DOI: 10.1063/1.1510570

I. INTRODUCTION Marco Polo is credited with taking this information to Eu-
rope in the 13th century. Some 300 years later, Sir William
Magnetometry is the science of accurate measurementsilpert, in “De Magnete,” was the first to describe the Earth
of the strength and direction of magnetic fields and spacgs a “giant magnet” and Gauss developed the mathematical
magnetometry represents the specialized science of makingols for its analytical representation. We now know that
magnetic field measurements in space, aboard vehicles sughagnetic fields are omnipresent in nature and just about ev-
as rockets, balloons, and spacecraft. The Chinese are rgry major body in the solar system has magnetic fields asso-
ported to have been the first to use the Earth’s magnetic fielgiated with it, either of interior origin, induced, or remanent.
for navigation purposes. More than 4500 years ago they usefhe interplanetary magnetic field is the extension into space
splinters of magnetite as compasses for direction finding, angs the sun’s magnetic field carried outwards by the super-
sonic flow of the solar wind. Sources of magnetic fields in-
¥Electronic mail: mario.acuna.1@gsfc.nasa.gov clude electrical currents circulating in fluids, conductors, and
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ionized gases, “permanent” magnets like those that occuthe martian field is organized in linear structures and is
naturally (magnetite or lodestoneand those made industri- closely correlated with the age of the crustal terrain. The
ally of materials like iron, iron oxides, cobalt, nickel alloys, Lunar ProspectotLP) missiorf>~2° provided a new and de-
and rare earth compounds. tailed view of the lunar, crustal magnetic fields discovered by
The beginnings of space magnetometry trace back tthe Apollo missiong®~3!These are correlated in a puzzling
measurements of the Earth’s magnetic field with instrumentsvay to the antipodes of the great impacts that created the
flown on balloons and rockets in the early 1950s. The mealunar basins. The MGS and LP magnetic field observations
surement techniques used in these experiments were largedye revolutionizing our thinking about the early history and
adapted from instruments developed around the time othermal evolution of Mars and the Moon. They are certain to
World War I, when magnetometers were widely used in geo+fesult in significant revisions of our views of Earth’s mag-
physical applications, navigation, salvage, and mine and ametic anomalies and their origin. The role played by giant
tisubmarine warfare. The early space probes made significaimpacts during the formation and early evolution of the solar
discoveries: the Earth’s magnetosphere, the comet-tail-likeystem has now achieved a new level of relevance in our
geometry of the antisunward Earth’s magnetic field, the indimited understanding of the processes that took place more
terplanetary magnetic fieldMF), its sector structure, and than four billion years ago.
the many boundaries associated with the interaction of the Planetary space missions such as Pioneer 10 and 11, Pio-
Earth’s magnetic field with the solar wind. Dolginov neer Venus, the Mariner series, Voyager, Helios, Ulysses,
et al,»® Sonnet' Heppneret al.> Cahill® and Nes&® were  Giotto, Mars Global Surveyor, Galileo, and NEAR have car-
among the first investigators to equip rockets and satellitesed out magnetic field measurements in the immediate vi-
with magnetometers and carry out measurements in theinity of most of the planets in the solar system, as well as
Earth’s ionosphere and magnetosphere in the interplanetaground comets and asteroitfs** The NEAR—Shoemaker
medium and around the Moon. spacecraft was placed in orbit around the asteroid 433 Eros
Why is magnetometry so important in space explora-on 14 February 2000 and spent one year making magnetic
tion? Magnetic field measurements are essential to organideeld measurements from 35 and 50 km orbits. On 12 Febru-
and understand energetic charged particle and plasma meay 2001 the spacecraft landed on 433 Eros and continued to
surements and to derive fundamental information about thenake magnetic field observations from the surface for sev-
environment surrounding different bodies in the solar syseral days>“?>~**Contrary to expectations based on measure-
tem. Charged particles move easily along magnetic fieldnents and analyses carried out at asteorids Braille and
lines because their transverse motion is opposed by the Ldsaspra by Deep Space-1 and Galit&d® no magnetic field
renz force. Knowing the geometry of the field is equivalentof asteroidal origin was detected, making 433 Eros a remark-
to having a map of the pathways followed by the particles’ably nonmagnetic, undifferentiated primitive objé&tThe
guiding center. Magnetic field measurements also represemteak IMF has been measured by spacecraft such as the In-
one of the few remote sensing tools used by space@wt- terplanetary Monitoring Platform(IMP) series, Pioneers,
ity being another that provide information about théeep  Voyager, Mariner, WIND, ACE, GEOTAIL, and many
interior of a planet rather than just its surface and/or atmo-others®#%4546A recent review of the history of vector mag-
sphere which are customarily studied with multispectral im-netometry in space was given by Snatevlagnetic field
aging instruments. Planetary magnetic fields like those of theneasurements are used as well in many Earth-orbiting space-
Earth, Jupiter, and Saturn are generated by currents circulatraft for engineering applications. These include attitude de-
ing in their liquid metallic cores or perhaps the core—mantletermination and control, spacecraft momentum management,
interface. The primary energy source powering these dynaand scientific instruments pointif§*°The Earth’s magnetic
mos is thermal convection of electrically conducting fluidsfield provides a convenient “natural” frame of reference,
driven by the internal heat flux and organized by planetarywhich can be modeled with good accuracy, and modern sys-
rotation. The outermost giant planets Uranus and Neptungems and spacecraft utilize it to establish their orientation and
are not assumed to have formed metallic cores and theactivate control systems. Where absolute angular measure-
magnetic fields are generated closer to the surface, wheraent accuracy of the order of 1°-2° degrees is acceptable,
electrical currents can flow in high-conductivity crustal magnetic systems provide significant cost, simplicity, and re-
“oceans.”® % In the case of the terrestrial planets, Venusliability advantages over inertial sensor-based systems. A
does not possess an intrinsic magnetic felghile Mercury  common space-based application of magnetometers aboard
is believed to be currently magnetized by the remains of aspacecraft in low and geostationary Earth orbit is the control
ancient dynamo which is decaying over tifféThe study of  of electromagnets which, when energized, apply torque to
the Hermean field is one of the primary objectives of thethe spacecraft by interacting with the geomagnetic field.
MESSENGER and Beppi Colombo missions that will be These “magnetic torquers” are generally used to “de-
launched in the 2003—2005 time fraf?eé®® The existence of saturate” momentum wheelseduce the accumulated angu-
an intrinsic magnetic field at Mars was a topic of consider-lar momentum resulting from the operation of reaction
able discussioh’ "1 Recent measurements by the Mars Glo-wheels aboard a spaceciadt to orient the spacecraft along
bal Surveyor(MGS) Mission not only demonstrated that a desired directiof®~>°
Mars does not currently possess an internal field, but made Numerous discoveries have been made studying the
the remarkable discovery of the existence of strong crustadources, geometry, and temporal behavior of solar system
magnetic fields of paleomagnetic oridit.??In many areas magnetic fields but there is still much to be learned. In recent
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years the new field of “space weather” has evolved from theindividual sensing technologies. The reason for this approach
extended, multipoint observations of the Sun—Earth environis that the latter are reasonably well developed and have been
ment that have been carried by international collaborativextensively reviewed in the literatufé®®® On the other
programs such as the International Solar-Terrestrial Physidsand, system level trade-offs, which determine the ultimate
(ISTP) Program since 1992 that utilize multiple spacecraftsuccess or failure of magnetic field measurements on a given
and ground-based systefts?Solar transient events such as space mission, have not received equal attention. Spacecraft,
coronal mass ejection€CMES), solar flares, and magnetic components, and instrument design philosophies have
clouds can affect operation and even cause failure in Eartrshanged significantly in the last 20 years, particularly with
orbiting spacecraft and power distribution systems on théespect to the use of “heritage” or “off-the-shelf” sub-
ground such as the North American power grid® The  systems to reduce development costs. To ensure the accuracy
reliable operation of contemporary telecommunications, gloof magnetic field measurements, space vehicles have to be
bal positioning, and strategic satellites today depends to éesigned to minimize the generation of undesirable static and
significant extent on near-real time knowledge of spacelynamic fields, regardless of the type of sensor used, and
weather conditions. The prevention of power grid failuresthese requirements are seldom met by low cost, readily avail-
and associated large area blackouts in North America an@ble components. The magnetic signature reduction process
northern Europe which are caused by ground currents idffects all aspects of spacecraft, instruments, and mission
transmission lines induced by the time-varying geomagneti€lesign and can have a dramatic impact on the cost and
field and can destroy distribution transformers, is also deperschedule and even the viability of sensitive magnetic field
dent upon timely access to space weather informafloff. ~measurements, if not addressed early and correctly in the
Space magnetometry is now an established and mature sélevelopment cycle.

ence which plays a critical role in the activities described

above and is expected to remain so for the foreseeable future.

In the US, the National Space Weather Program, NASAd!- MEASURING MAGNETIC FORCES

Living with a Star(LWS) program and the Sun—Earth Con-  The magnetic force between two magnetic poles is given

nection research effOI’tS, inCluding NASA's Solar Terrestrialby an expression identical to that of the gravitationa| force
Probes, all rely on space magnetometry as one of the keyetween two masses,

measurements to be carried out. Similar programs in Europe, 5
Russia, and Japan reflect the essential importance of mag- = (MiMz/uror, @
netic field measurements in sp&ée® whereF is the force in dynefcentimeter-gram-secor(dgs
The magnetic field measurement techniques and instrusystenj between the poles that are separated b (r is the
ments described in this review date from the late 1930s untilinit vector directed betweem, andm,). The permeability
the present time. Important sensor developments took plaasf the medium is denoted by. Since the lines of force are
in the 1936-1955 time frame such as the invention of theclosed, magnetic poles cannot exist by themselves and al-
fluxgaté’ and the application of nuclear magnetic resonancevays exist in pairs Y -B=0), while the force between them
to magnetometry. The traditional definition of space-base@¢an be repulsive or attractive depending on the polarity of
“magnetometry” does not include the sensing of time-the poles involved.
variable magnetic fields by induction sensors such as search The magnetic quantities derived are tmagnetic field
coils, which will not be discussed in this review. Contempo-strengthH, which is defined as the forde per unit pole and
rary advances in wide-dynamic-range magnetic field sensing measured in oerstedsgs, and themagnetic field induc-
technology have focused on improvements in sensor noisgon, which is the fieldB induced by the excitatioil in a
performance, analog and digital signal processing techmedium of permeability,
nigues, as well as instrument miniaturization. Modern, high B= 4H @)
volume magnetic field sensing technologies, e.g., anisotropic K
magnetoresistand®MR), giant magnetoresistan¢&MR), In the cgs system of unit® is measured in gauss. In air
and micromachined devicd8EMS), have yet to compete or vacuum, the permeability is unity so for all practical
effectively with established sensors in space applicationsapplications in space oersted and gauss can be used inter-
Devices based on magnetoresistance effdéSIR and changeably. In the Systeme Internatio@l) of units, the
GMR), although they offer adequate sensitivity for Earth-magnetic induction is measured in tesla {18), while the
field sensing, suffer from problems like hysteresis and poomagnetic field strength is measured in ampere/turns/cm. The
stability that are introduced by the use of “flux concentra-permeability of air(vacuum in the Sl system isu=4m
tors” or biasing arrangements to enhance the output signal ok 10 7. To quantify weak magnetic fields the nanotesla
to linearize the transfer functidi!:°® Magnetometers using (1 nT=10"°T) and the older, equivalent cgs unit the
superconducting quantum interference devi¢8QUIDS gamma (1y=10 ° G=1nT) are frequently used inter-
can exhibit significantly increased sensitivity over those de<hangeably. The Earth’s magnetic field at the surface and
scribed here, but the complex logistics of cryogens and asiaear the equator has an approximate strength of 31 000 nT or
sociated systems have prevented their application to spac6-31 G, whereas Jupiter’s north magnetic pole field strength
based measuremerifs. is more than 14 G or 1400000 nT. Solar magnetic fields
The primary emphasis of this review is on considerationsassociated with coronal loops and prominences can reach
at the space systems level rather than detailed discussion @élues as high as several thousand Gauss. At the opposite
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end of the dynamic range, the IMF at the Earth’s ofllit whereB is the magnitude of the external field and the pro-
astronomical unitAU)] is typically of the order of 5-10 nT, portionality constant, is thegyromagnetic ratioof the pro-
while at the orbit of Uranus and Neptune it may be as low agon. This is the ratio of the proton’s magnetic moment to its
0.05 nT or, equivalently, 810 ! G. This very large dy- spin angular momentum. The value of7£2r,) is known
namic range of magnetic field intensities presents uniqueery accurately from quantum mechanical principles,
challenges to the design of magnetic field instrumentation foR3.4874(nT/Hz), and the proton precession magnetometer is
space missions to the outer planets. the primary standard used in the calibration of other magne-
tometers and coil systems.
The basic proton precession magnetometer is therefore
Ill. MAGNETIC FIELD MEASURING INSTRUMENTS composed of a liquid sample rich in protofwater, naphta,
kerosene, etg. a polarizing/sensing coil that surrounds the
As already introduced in the above paragraphs, the insample, an ac amplifier, and a duty cycled current source,
struments used to measure the strerigtid direction of the ~ which are alternatively connected to the coil. After being
magnetic field are callechagnetometersSince the magnetic used to polarize the sample the coil is connected to the am-
field is avectorquantity that has both magnitude and direc-plifier to sense the Larmor signal, which lasts only a few
tion, we usually differentiate between two generic classes ofeconds and whose frequency is then measured with an or-
instruments: dinary computing counter. The polarize/count cycle of con-
. ventional proton pr ion magnetometer igns i i-
(@ scalar magnetometers, which measure only the total entional proton p ecession mag etomete dgsg S IS typ
: ; .~ . ~cally 1 s ormore. The liquid sample volume is relatively
strength or magnitude of the ambient magnetic field . . - )
. ! . large and massive, particularly when the polarizing coil mass
regardless of its orientation, and . . S .
. is considered, and liquids that can operate over a wide tem-
(b)  vector magnetometers, which produce an output pro- erature range are required. The power required to generate
portional to the strength and direction of the magneticp 9 q ' P q 9

field, referenced to a principal axis in the sensing eIe_the 100 G or more polarizing field is appreciable, and useful

ment. The polarity or sign of the output in general de_5|gnals can only be obtained for ambient fields larger than

pends on the direction of the ambient field with respectapproximately 20000 nT and only if the local spatial field
to the magnetometer sensing axes gradient is small. These limitations have restricted the use of

traditional proton precession instruments for space measure-
Both classes of instruments have been used for spacB€nts to a few, very specialized applications such as sound-
measurements but vector magnetometers are far more codfid rockets and balloongsee Ref. 49, and references
mon due to their capability of providing directional informa- therein.
tion. This is essential for understanding of the physical phe- ~Recent improvements to this basic sensing technique,
nomena being studied or for the intended application irfike the Overhauser effect proton precession magnetometer,
attitude determination and control. We will discuss belowUS€é an indirect technique to “polarize” the sample much
some of the principal characteristics of these instrumentgnore efficiently and can generate a continuous Larmor pre-
their advantages and limitations, and the challenging probcession signdi>®*"*The proton-rich liquid sample is doped
lem of performing sensitive magnetic field measurementy"!th a free radical as a source of electrons which are mePEd
aboard space platforms such as spacecraft, planetary prob®4th rf energy at~20-60 MHz. The electrons are effectively
rockets, and balloons. For a comprehensive review of earlfoupled to the protons in the sample, which are then polar-
space research magnetometers and techniques, see the revig@fl dynamically by the rf excitation. This method of polar-

by Nes< and references therein. ization is much more efficient than the dc meth@dfew
watts versus tens of wajtand yields Larmor signal ampli-
A. Scalar magnetometers tudes which are 100 times larger, allowing continuous mea-
The most common scalar magnetic field measuring insurements to be made with sensitivity ©f0.02 nT.
strument in general use is tipeoton precession magnetome- ~ Optically pumped magnetometers are another class of

ter, which is based on the phenomenon of nuclear magnetigagnetic field measuring instruments which have found ap-
resonance. At the end of World War 11 it was discovered thaflication in space measurements, both as scalar as well as
many atoms possess a net magnetic moment and behave\@stor instrument§:"*~"*In the scalar configuration, they
small magnets. A sample of a liquid rich in protofiydro- ~ are capable of measuring magnetic fields over a wider range
gen nuclei surrounded by a coil is magnetically polarized to than the proton precession instruments and with much higher
align all of its magnetic moments in a given direction. Thetime resolution. These instruments use the energy required to
sample is then allowed to “relax” in the presence of an ex-transfer atomic electrons from one energy level to another as
ternal magnetic field. The protons that have been a|igneéhe mechanism for magnetic field detection. A cell Containing
parallel to the polarizing field will precess like spinning tops @ suitable gas is irradiated with light from a discharge lamp
around the ambient magnetic field and induce an ac signal iat the proper frequency to excite the atoms to a quantum
the polarizing coil whose frequency is proportional to thelevel, which becomes overpopulated as a consequence of for-
magnitude of the field. This frequency is called the Larmorbidden transitions in the system. Under these conditions, the

frequency and is given by gas cell becomes transparent to the irradiating bghenpro-
cess used to achieve this is called optical pumpitfgthe
f (Hz)=(7,B/2m), (3)  cellis then subjected to a rf signal with energy appropriate to
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FIG. 1. Schematic for an optically pumped magnetométier Ref. 8: (a)
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cause depopulation of this energy level, it will become
opaque again and, block the transmission of light at the dis-
charge lamp frequency. The most commonly used elements
for optically pumped magnetometers are helium and alkali
metals like cesium, rubidium, and sodium. Helium and its
isotopes in particular are in wide use in high accuracy, high
time resolution scalar magnetic field measurements for mili-
tary applications. Modified versions of these “metastable he-
lium” magnetometers were developed to perform wide dy- o

namic range scalar and vector measurements aboard ®)
spacecraft and are described briefly below in Sec.
I B, 41647175 FIG. 2. Two-cell optically pumped scalar magnetometer sefester Ref.

A generic optically pumped magnetometer is illustrated®: @ schem_atic of the_arrangement aflm physical arrangement of the
. . ) . L . sensors required to avoid “null” zones.
in Fig. 1. It consists of a discharge lamp, which irradiates one
end of a gas cell containing the element chosen in gaseous
form through a system of filters and polarizers. At the oppo-detectof A typical two-cell sensor arrangement is shown in
site end, a solid state photodetector measures the intensity bfgs. 2a) and 2b). Another important issue associated with
the incident light. The electrons in the gas cell will precessthese magnetometers is the use of high-level rf signals for
about the axis of the external magnetic field at the Larmowoptical pumping. These need to be carefully controlled and
frequency of the chosen element, and modulate the intensitghielded to avoid interference with vector magnetometers
of the light incident upon the photodetector at the same rateand sensitive electronics, communications, and other space-
Thus, the output from the photodetector is an ac signal at theraft systems. The high power dissipation and associated
Larmor frequency given by thermal flux and to the use of nonmagnetic metallic shields
around the sensor will often give rise to significant measure-

f=reBlem, @ ment errors associated with thermoelectric currents due to
where 7, is the electrongyromagnetic ratio for the chosen Thompson and Seebeck effects.
element. For helium 4./27) corresponds to 28Hz/nT), Scalar magnetometers of the types described above have

considerably larger than the value of 0.042576B2/nT) a typical dynamic range of 20 000—70 000 nT and cannot be
obtained from proton precession instruments, making posdsed to measure weak fields such as those associated with the
sible higher time resolution measurements. The correspondnterplanetary medium, the Moon, Mars, Venus, or Mercury.
ing figures for cesium and rubidium are 7 and 4(6lz/nT),  Their principal use is in low Earth orbit and in conjunction
respectively. with vector magnetometers to acquire very accurate mag-
The output of the photodetector is amplified and fednetic field mapping dat®. The Cassini mission to Saturn
back to a coil wound on the cell, causing the system to osincluded a scalar helium magnetometer to map this planet's
cillate continuously at the Larmor frequency. Because of theemarkable axisymmetric fieff.A scalar magnetometer is
high frequencies involved, it is possible to measure veryften used as an absolute calibration tool in conjunction with
small magnetic field variations=0.01 nT) superimposed on a vector magnetometer to allow real time determination of
large background fields. correction factors. Laboratory-based proton precession mag-
If the external magnetic field is aligned with the axis of netometers are routinely used as primary calibration stan-
the gas cell the amplitude of the Larmor signal decreases to@ards.
minimum, giving rise to the appearance of “null zones.” For The mass and power consumption associated with scalar
this reason most optically pumped scalar magnetometenmagnetometers can be significant. Classical proton preces-
used for space measurements utilize two cells oriented aion magnetometers may draw several tens of watts during
different angles to fill in the null zones associated with eachthe polarizing cycle while the mass of the sensor alone may
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exceed 1 kg and that of the electronics 2—-3 kg. Helium, Ry
rubidium, and cesium magnetometers require significant rf
power for excitation, with 10-15 W being typical figures. SENSOR o~ 2% | o o
The high levels of rf present in these instruments also require 3 PREAME DETECTOR[ o |OP AME
close attention to shielding and the prevention of generation

of local magnetic fields by rectification or thermoelectric ef- L 1,
fects. The Overhauser and helium scalar magnetometers 2o
mass and power requirements can be reduced to a few watts E‘;“#@

and 1-2 kg with modern components and specialized design
technique$®%® The typical noise performance of these in-
struments is in the range of 0.01-0.03 nT root mean square
(rms) over a bandwidth of 0—1 Hz, and the practical upper
limit to their dynamic range is-1.5—2x10° nT, an impor-  FIG. 3. Block diagram of a generic, single axis fluxgate magnetometer. A
tant consideration for missions to planets with strong magtuned single axis ring core sensor is shown.

netic fields like Jupiter.

ICs

21,

also widely used in countless industrial, military, and scien-
tific applications. The fluxgate sensor, as its name implies, is
a device which is used to “gate” the ambient magnetic flux
Vector magnetometers are, by a very large margin, theéhreading a sensing coil, converting it from a time stationary
most widely used type of instrument for magnetic field mea-field into a time varying field. The latter gives rise to induced
surements in space. In addition to providing informationvoltage in a sensing coil proportional to the strength and
about the strength of the ambient field they also measure itdirection of the field. Gating of the ambient field is accom-
direction and sense. Triaxial orthogonal arrangements oplished by driving cyclically to saturation a high permeabil-
single axis sensors are used to measure the three componeitygsnonlinear magnetic core with a large amplitude excitation
of the ambient field in a coordinate system aligned with thesignal. A differential coil wound around the core and the
sensor magnetic axes. In contrast to proton precession armkcitation coil is used to sense the output signal. When the
optically pumpedscalar magnetometers whose accuracy iscore material is in the saturated state its permeability is very
determined by quantum mechanical constants, vector magniw and the total magnetic flux threaded by the sensing coll
tometers must be calibrated using accurately generated mag- not very different from that which would exist in free
netic fields, both in strength and direction, at specialized faspace. However, when the core is in its high permeability
cilities. The magnetometer output for the zero applied fieldstate, the flux threaded through it and the pick-up coil is
scale factor, and stability over temperature and time dependgeatly increased depending on the effective permeability of
on electrical component values which may drift as the instruthe core(and core geometrical shgpérhus, by cyclically
ments age or are exposed to effects of the spacswitching the core in and out of saturation at frequeftiie
environment "®~8The alignment of the sensors may changeambient magnetic flux will be modulated at twice this fre-
as thermal or vacuum induced stresses deform the supportigiency and a corresponding ac voltage will appear at the
structures or reference coordinate systéffs:2%In spite of  terminals of the sensing coil. The amplitude of this signal is
these challenges, extremely reliable, low poyrel W) high  proportional to the magnitude and direction of the ambient
performance vector instruments capable of measuring madield, and its phase with respect to the excitation sigéabr
netic fields over a very large dynamic range5x10 2 to 1809 will depend on the sense of the field. In general, bal-
over 2x 10° nT, were developed in the early 1970s for outeranced core arrangements are used to prevent the excitation
planets exploratiof>*®3They are capable of operating over signal from appearing at the pick-up coil and to avoid gen-
a wide temperature range and have proven to be extremebrating a large signal at the excitation frequency. Many flux-
radiation tolerant. Ultraprecise vector instruments with arc-gate sensor geometries have been used for space-based in-
sec resolution have also been used to map the Earth’'s magtruments, from commercial sensors using proprietary helical
netic field from orbit with unprecedented accuracy, both inhigh permeability cores to sensors using ultralow noise ring
magnitude as well as in directidh/*84®The CLUSTER Il  cores developed by government laboratories. The very high
mission launched in August of 20¥0included a comple- performance of the latter has made them the sensors of
ment of four spacecraft flying in formation, each incorporat-choice for advanced space missi&{85976.:88-94
ing dual, high performance fluxgate magnetometers designed A block diagram of a typical fluxgate magnetometer is
to make three-dimensional measurements of the ambieshown in Fig. 3. A reference signal at frequency,ds de-
magnetic field? One of the primary objectives of that mis- rived from a stable oscillator and applied to a divider, from
sion’s magnetic field instrumentation was to obtain, for thewhich the excitation signal at frequendy is used to drive
first time, measurements of local currents through the relathe sensor toward saturatigim this case a ring core sensor
tion J=V XB. with a toroidal excitation winding A differential sensing
The fluxgate magnetometer, which was invented bycoil is wound around the outside of the ring core and, in most
Aschenbrenner and Goulfuand developed during World applications, tuned to the second harmonic of the drive fre-
War Il as a submarine detecfS¥®’is the most common type quency, 2f,. Thus, if both core halves are identical, no sig-
of instrument used in space platforms. This type of sensor igal at the excitation frequency will appear at the sense wind-

B. Vector magnetometers
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ing terminals. The presence of an external magnetic field will
cause the appearance of a signal at frequenigyahd other
even harmonics of the excitation frequency at the terminals.——-=
of the sensing coil. This is due to the fact that one half of the
ring core will not be balanced with respect to the other, simi-
lar to operation of a balanced modulator. This signal is am-
plified by the tuned ac preamplifier and applied to the syn-
chronous detector or “lock-in” system. The magnitude of the
output of this detector is proportional to the amplitude of the
signal present at the output of the preamplifier, whereas the
polarity of the output depends on the phase of the inpu
signal with respect to the reference frequendy 2The out-
put of the synchronous detector is then applied to a high gair:
integrating dc amplifier whose output is used to generate cja
current, which is fed back to the sense winding in the flux- &
gate sensor. The feedback current flowing through the sens
ing coil produces a magnetic field that opposasd cancels
almost completelythe original external field and the flux-
gate sensor is used essentially as a null detector. This feec
back arrangement yields an instrument with excellent linear-++=%%
ity whose dc response is given by

eo(B,8) =KR:B cog 8) +V,, (5)

whereey(B, 6) is the output voltagek is a constant related to
the physical characteristics of the sensing coil with dimen-
sions given inflampere/GaugsR; is the value of the feed-

back resistorB is the scalar magnitude of the field applied,
and @ is the angle between the magnetic axis of the fluxgate
sensor and the direction of the external fild.is a small dc

offset voltage, which is present when the external field is

zero and is produced by asymmetries, offsets, and imbal- ‘

ances in the system. The magnetometer scale factor can be

easily modified by changing the value Rf and this is done OUT- OF-ECLIPTIC

in instruments that must cover a large dynamic range like HAGHETIC FIELD EXPERMENT

those used in the Voyager, MGS, ACE, WIND, and LP (b)

missions>2454683For a feedback system with a single inte-

grator the transfer function is given by FIG. 4. (Color) Typical vector magnetometer instrumenta) The sensor

seen on top of the electronics box is mounted remote from the spacecraft

H(s)= 1/[(82/wﬁ) +2s(k/w,) +1], (6) bus, typically on a deployable boortb) Block diagram of a high perfor-

mance, space-based magnetometer system. Note the extensive use of redun-

wherew, andk are the characteristic natural frequency anddant systems to ensure reliability in missions of long duration.
damping factor of a second order system, respectively. The
latter is directly proportional to the value Bk and inversely average power at a sample rate of 1-2 samples/s. Figare 4
proportional to the ac gain in the system so simultaneoushows a typical high performance magnetic field instrument
adjustments need to be made to the open loop gain and timemprising a triaxial sensor assembly and an electronics box,
constants to preserve the stability of the feedback loop for alvhich includes signal, data processing, and spacecraft inter-
scale factors selected. face circuits. The sensor shown on the top of the electronics

Mass and power requirements for fluxgate magnetomebox in Fig. 4a) is mounted far from the spacecraft bus to
ters are significantly reduced with respect to those associateadinimize magnetic interference from spacecraft systems and
with scalar instruments. Typical general purpose, fluxgat®ther instruments. A block diagram, which illustrates the
magnetometers for attitude sensing and control reqaes  typical elements of a fully redundant instrument used for
kg and <0.5 W, respectively, with miniature units widely planetary exploration, is shown in Fig(b}.
available. The latter integrate the sensor with the electronics A second type of vector instrument that has been used in
in a single package, which is not necessarily an optimal ara few planetary spacecraft is the Vector helium
rangement for all applications as will be discussed belowmagnetometet' " "its operating principles are the same as
Space research-grade instruments that incorporate wide dthose of the optically pumped magnetometers described ear-
namic range capabilities and advanced digital processinlier in Sec. Il A, except that a Helmholtz coil system around
techniques have been built and they consume as little as 1 We gas cell has been added. This coil system is used to
and weigh 1 kg per unit*3"4%628pyty-cycled instruments generate synchronous sweep fields in two orthogonal planes
have also been developed that draw just a few microwattthat intersect along the optical axis by means of an auxiliary
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electronic system. These sweep fields produce synchronowughere in this review, this advantage cannot be totally real-
modulation in the photodetector light output, which can beized in practical spacecraft applications due to external ef-
used to derive vector information about the external magfects. A state-of-the-art fluxgate magnetometer will exhibit
netic field. Typically, a frequency of 200 Hz is used for the zero level drift of<0.2 nT/yr and<0.5 nT over the tempera-
sweep field and the resulting signal at the photodetector iture range of-55°C<T<75°C. The noise performance of
amplified, synchronously rectified, and the current fed bacKluxgates is strongly affected by mechanical and thermal
to the sensor assembly to cancel out the field applied. Thetresses, which vary over time and with exposure to extreme
operation is very similar to that implemented in a fluxgateenvironments. These are usually at their maximum during
magnetometer. Some differences are that the excitation aridstrument development and testing and it is common for
signal frequencies are identical and vector information is denoise performance to improve over time after the launch,
rived not from individual sensors but from sweeping fieldsparticularly if exposure to the environment is constant or
applied to a common sensor along two orthogonal planedimited. The Voyager mission magnetometers improved their
The directions of the sensing “axes” are thus derived elechoise performance from 0.005 nT rms immediately after the
tronically and are not uniquely related to the mechanicalaunch in 1977 to 0.001 nT rm®-1 Hz bandwidthduring
alignment of individual sensors, as in fluxgates. The transfethe Jupiter fly-by 2 years later.
function of the vector helium magnetomet®&HM ) is iden- The traditional fluxgate magnetometer design shown in
tical to that of the fluxgate magnetometer given by B5).  Fig. 3 has also evolved to include *“short-circuited”
The mass and power requirements of VHMs are still higheffluxgates,> “digital” fluxgates,”’~**fast Fourier transform
than comparable performance fluxgate magnetometers wittFFT)-based fluxgate¥, “current output” fluxgates,”® and
2-3 kg and 4—6 W being representative figures. The poweiany others. The basic principles remain the same, with the
required to generate the sweep fields over the volume of th@ifferences being mostly in how the error signal is processed
cell and increasing transfer function nonlinearity limit the to generate the feedback fieff. It is difficult to assess the
upper limit measurement capability to1.5x 10° nT. As is  advantages or disadvantages of each implementation given
the case for all optically pumped magnetometers, the lifetiméhe multiplicity of requirements and constraints associated
of the gas cell and the stability of the light source are mostVith each space mission. However, low cost, accuracy,
important considerations for missions of long durationlow power consumption, small mass and volume, large
(>3-5 yn. In 1978—1979 NASA funded Scintrex, Canada, dynamic range, low noise, and good zero level stability
to study the aging process of cesium vapor lamps for théemain the premier characteristics sought in space-based
MAGSAT mission. It was concluded that lifetimes of the Magnetometers®7¢:9102
order of “several years” could be achieved under a stable
thermal regime which maintained the lamp stem at 50 °C_ ang\/' ELECTRON REELECTION MAGNETOMETRY
the lamp envelope some 150-160 °C hotter. New techniques
in striking the lamps and bringing them to their stable oper- The Mars Global Surveyor and Lunar Prospector mis-
ating point were also necessary to extend their operationaions included magnetic field investigations capable of mak-
life. In the case of helium magnetometers, like those on théng in situ measurements with high performance fluxgate
Pioneer 10 and 11 missions, the cell and lamp were conmagnetometers like those described above, as wediraste
structed using special glass and seals to minimize gas leakensinginstruments capable of deriving the intensity of the
age. magnetic field at a significant distance from the spacecraft.
The stability of the zero level or bias over time and The latter use the technique electron reflectometrywhich
temperature and the noise performance of a vector magnet@ based on the fact that ambient electrons, like those in the
meter are some of the most important performance paransolar wind and in planetary environments, can travel along
eters to be considered for weak field measurements such asagnetic field lines and be reflected when they encounter an
those of the IMF, the distant terrestrial magnetosphere, anohcrease in flux density associated with a source of
around unmagnetized bodies. The data reduction and analyaagnetisnf®?%32Thus, an electron reflectometer is an in-
sis effort associated with weak field magnetic field investi-strument that measures the flux of electrons moving along
gations are traditionally dominated by “zero level” determi- the local magnetic field lines and the “pitch angle distribu-
nation issues. The scale factors and intrinsic sensation” for both directions. The presence of a magnetic source
alignment are stable and once calibrated remain largely corin the path of the electrons will cause them to be reflected,
stant for the life of the mission. The noise power spectrakltering the pitch angle distribution. This information can be
density of a high performance fluxgate magnetometer is typieast in the form of aeflection coefficientwhich is directly
cal of “shot noise” devices and characterized by & §pec- proportional to the intensity of the field at the point of reflec-
trum with a typical value of~10 ° (nT?/Hz) at 1 Hz for  tion. This sensitive technique is particularly useful in the
space research-grade instruments. The source of the noiseciase of the Moon where no atmosphere exists to absorb the
attributed to Barkhausen-like mechanisms that affect the maelectrons and thus surface magnetic fields can be measured
tion of domains in ferromagnetic material in the sensorfrom an orbiting spacecraff=2% In the case of Mars, the
cores® The absence of ferromagnetic materials in opticallypresence of an atmosphere limits the measurement altitude to
pumped magnetometers results in a flat noise spectrum fdhe top of the atmosphere 6r100 km although the existence
these devices and, in principle, improved long term stabilityof strong crustal fields limits the usefulness of this
over fluxgates. However, and for reasons discussed els¢echnique’® An important advantage of electron reflection
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FIG. 5. (Color) Atrtist’s illustration of the Voyager spacecraft and mission to the outer planets. The 14 m long magnetometer boom can be seen in the lower
half of the picture and dominates the dimensions of the spacecraft when deployed. Four triaxial sensors are mounted on this boom, one at thd tip, a secon
two thirds of the distance from the tip to the base, and two on the support canister.

magnetometry is the improved spatial resolution obtainabl@gers, engineers, and scientists. Since it is practically impos-
since the “footprint” of the electrons at the point of reflec- sible to reduce the stray spacecraft magnetic field to the
tion is their Larmor radiug<< 2 km for lunar field$. The  smallest levels required for sensitive measurements, place-
spatial resolution obtainable from situ measurements with ment of the magnetic sensors away from the main body of
conventional magnetometers aboard an orbiting spacecraft ihe spacecraft is commonplace. This technique exploits the
at best equivalent to the orbit altitude above the surface. fact that the magnetic fields produced by finite sources de-
crease rapidly with distance, proportionally to®l4s a mini-
V. ROCKETS AND SPACECRAFT AS MAGNETIC mum (higher order multipoles decrease even more rapidly
FIELD MEASUREMENT PLATFORMS wherer is the distance to the source. The above is true when
The measurement platforms for the instruments defhe dimensions of the source are smaller than the distance to

scribed above are spacecraft, rockets, and balloons, and th#}e measurement point. Many missions use long, deployable
include complex systems of mechanical, electrical, and elec0oms” or masts for this reason and they must be rigid and
tronic components. They all have the potential of producingPreserve the alignment required between the magnetic sen-
magnetic fields of their own and careful control techniquessors and the attitude determination sensors mounted on the
must be used to minimize errors introduced by these unmain spacecraft body, which imposes limits on the practical
wanted sources. Batteries, solar arrays, motors, wiring, mdength of booms. The magnetometer boom of the twin Voy-
terials, etc. must be especially designed and/or selected &ger spacecraft launched in 1977 to explore the outer planets
minimize the generation of “stray” magnetic fields that will of the solar system had a length of 14(4®2 ft) when fully
affect measurements of the ambient field. The design andeployed. An artist’s illustration of the Voyager spacecraft
implementation of a magnetically “clean” spacecraft that shown in Fig. 5 gives a sense of the relative dimensions
meets the stringent requirements of a high accuracy Earthinvolved. For a given spacecraft design, the trade-off be-
orbiting or interplanetary mission is an extremely demandingween boom length and level of magnetic cleanliness re-
task that has tested the fiber of many seasoned project maquired in the main body and major subsystems is a major
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FIG. 6. (Color) lllustration of the Mariner 10 spacecraft showing an example of a rigid magnetometer boom and a dual magnetometer arrangement. The boom
is 6 m long and composed of two rigid segments which deploy sequentially.

decision that must take into account many conflicting re-by a center lanyard or restraining mechanism. This lanyard is
quirements, including whether the spacecraft is spin or threalso used during deployment to control the rate at which the
axis stabilized. Details on the magnetic interference controlstructure unwinds out of the canister. Booms as long as
spacecraft testing, and magnetic cleanliness programs usd8—50 m have been manufactured and mass-per-unit-length
on early spacecraft were given in a review by N&She ratios of the order of 150 g/m are achievable. Careful control
early boom designs were mostly of rigid tubular type, foldedof expansion coefficients and the effect of solar illumination
against the top or side of the spacecraft in the launch comen the elements yield booms, which exhibit torsional and
figuration. To achieve longer lengths several rigid segmentbending stability of the order of a fraction of a degree for
could be deployed sequentially, but the complexity of thelengths up to 10 m or more. An important consideration in
mechanisms required to insure correct deployment limit theeomputing the total mass associated with a long magnetome-
maximum number of segments to no more than three. Othder boom system is the weight of the cables connecting the
boom types included “scissor” booms, helically wound sensor at the tip of the boom, since the electronics are located
booms, etc. Figure 6 shows the rigid boom used in the Mariin the main body of the spacecraft. This mass can easily
ner 10 spacecraft, while Fig. 7 illustrates the scissorstylexceed that of the boom itself by a significant factor. The
boom used in the MAGSAT spacecratft. rigidity of the sensor cables in cold temperatures and its im-
In the early 1970s a new type of truss-like, deployablepact on boom deployment safety margins are also critical
boom was developed, generically called an “astromast.’issues, particularly in missions where successful boom de-
This very interesting structure is shown deployed in Fig. 8ployment is a mission critical event.
and is characterized by an extremely favorable length-to- The high cost of deployable booms, their potential ef-
mass ratio. Three, lightweight main longerons, typicallyfects on spacecraft dynamics, mission success, and magneto-
made of fiberglass, are stabilized by a series of battens andeter alignment, and the complexity of the associated me-
diagonal elements to form a rigid truss. In the undeployedthanical systems limit the affordable boom length that can be
state (Fig. 9), the longerons are coiled inside a canisterrealized for a given spacecraft design. Theal magnetome-
mounted on the spacecraft and are prevented from deployingr technique was introduced in 1971 by Ness and co-
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FIG. 7. (Color) MAGSAT spacecraft and st 6 m scissors boom. Optical mirrors are mounted on the magnetometer sensor platform to “transfer” its
orientation to the main body of the spacecraft using infrared beams.

FIG. 8. (Color) Deployed astromast-style boom used in NASAs WIND and POLAR spacedfand 6 m inlength, respectivelyto separate the sensors
from the body of the spacecraft.

Downloaded 20 Oct 2005 to 128.183.22.32. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



3728 Rev. Sci. Instrum., Vol. 73, No. 11, November 2002 Mario H. Acuna

it

-

g,

R A

FIG. 9. (Color) Undeployed astromast-style boom showing the center lanyard and deployment mechanism.

workers to ease the problem of making sensitive magnetic The dual magnetometer method is illustrated schemati-
field measurements in the presence of a significant spacecrafally in Fig. 10. The spacecraft-generated magnetic field de-
field 1°31%4This method is based on the experimental obserereases with distance due to the finite size of the sources,
vation that beyond a certain distance most spacecraftvhich are assumed located at the center of the spacecraft,
generated magnetic fields decrease as expected for a sim@ad leads to the existence of a spatial gradient between the
dipole source located near the center of the spacecrafttwo magnetometer sensors. The ambient field being mea-
(~1/r3). Thus it can be shown that tivo magnetometer sured is identical at both sensors because its spatial gradient
sensors are used, mounted along a radial boom and locatedistinsignificant over the dimensions of the spacecraft and
distances; andr,, respectively, it is possible to uniquely boom. Thus, each sensor measures a different mixture of
separate the spacecraft-generated magnetic field from the espacecraft and ambient field. For the special casedgpaar
ternal field being measured. If we denote By andB, the  spacecraft field, the fields due to the spacecraft at the two
vector fields measured at radial locations 1 and 2 with sensor locations are related by a simple proportionality con-
>r,, the ambient field and the spacecraft field at locatipn stant. Thus, the ambient and spacecraft field can be separated

are given by
Bamp=(Bo,— aBy)/(1—a), (7) DUAL MAGNETOMETER FUNDAMENTALS
Bawe ASSUME Bsc =Bo () r >t
Bs/cl_(Bl_Bz)/(l—a)y (8) ,%;% THEN Esc(vz)=(%)3 Boc (0
where
NOW Boss (rj)<Bams + Bsc (ri) +Bzo (r()
B1=Bambt Bsic1 (9) . CAN SOLVE THESE KNOWING r, ,r,
BEST(r) - Boes (r) — Boas (r2)
sc 0T 1-a
B>=Bambt Bsic2, (10 ) ;
gesT . Boss (rz) —a Boes (n)
amB =%
= SPACECRAFT
Bs/co= aBg/ca, (11 e o 17
a=(|’1/r2)3. (12)

FIG. 10. lllustration of the dual magnetometer technique and associated
Note that Eqs(11) and (12) assume that the spacecraft formulas. The spacecraft-generated magnetic fi@lg)(is assumed to be

. .~ dipolar and centered at the body of the spacecraft while the external field
field can be represented accurately by that due to a d|p0|€Bamt) is gradient-free over the separation of the sensBgg, is the field

quasicentered on the main body. measured which includes a constant off8gj.
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analytically as shown above. An immediate benefit of thetime and resources, the magnetic fields associated with ex-
dual magnetometer technique is that shorter booms can hsting or heritage components and systems. Current philoso-
used to achieve a level of accuracy equivalent to that afphy concentrates on first minimizingime-variable space-
forded by a much longer boom. The small increase in massraft fields associated with soft magnetic materials and
represented by the second magnetometer is more than offsgtculating currents in power systems, loads, motors, actua-
by the reduction in boom length and associated cabling. It isors, solar arrays, etc. since these give rise to unknown and
customary to see this arrangement in spacecraft used feariable errors which are difficult to measure and remove
outer solar system exploration missions where thdrom the data. Trulystatic fields associated with hard mag-
spacecraft-generated magnetic field at the sensors may Ipetic materials can be measured prelaunch and subtracted
many times larger than the weak ambient field. A particulaffrom the measurements assuming that they are time and tem-
advantage of the dual magnetometer method is that it allowperature stable. The techniques used for static and dynamic
unambiguous real time identification and monitoring of thefield compensation and minimization include permanent
time variationof the spacecraft-generated field. In a singlemagnets, single point grounding systems for power distribu-
magnetometer system a change in the field measured can ten, twisted pair wiring for all significant loads, and the use
attributed to either a change in the spacecraft-generated fieldf dummycurrent loops to create equal but opposite signa-
or a change in the ambient field which leads to a unresolvtures from circulating currents. Advanced computer con-
able ambiguity in interpretation. Last and most important.trolled laboratory magnetometers that use synchronous sam-
the use of two sensors provides full measurement redurpling techniques to reject magnetic signatures at 50/60 Hz
dancy, which has proven essential for success in missions aind higher power line harmonics have been developed to
long duration such as those to the outer plafiéts. carry out sensitive measuremel(ts<<0.2 nT sensitivity in

Some miniature magnetometers used for attitude detethe Earth’s field and in the normal environment of laboratory
mination and control integrate the fluxgate sensors and eleand spacecraft development and integration facilities. These
tronics into a single package. This approach is adequate ifistruments have largely eliminated the high cost and logistic
accuracy of the order of 10%—-20% is acceptable, such as ibomplexities associated with time-consuming measurements
momentum wheel desaturation applications. However, that specialized distant magnetic test facilities. They typically
proximity of the sensor to the electronics introduces addiincorporate real time visualization of the magnetic field data
tional biases and hysteresis effects and limits the environbeing measured, and have literally transformed spacecraft
ment to which the package can be exposed. Fluxgate sensomsagnetic control techniques by eliminating the “black
by themselves, are capable of withstanding penetrating radianagic” aspects of the field and significantly reducing costs
tion doses of tens of megarads and temperature extremes afd complexity. It is important to emphasize that the useful-
—100 to +200 °C without major difficulty, a fact that is not ness of these measurements made in the presence of the
true for the signal processing electronics. Thus, integrateéarth’s field is limited to those applications wheneluction
sensor-electronics instruments must be mounted within theffects are small. When large structures made of high perme-
main body of the spacecraft where temperature extremes asbility materials, particularly those having a large length-to-
within operational limits but unfortunately the close proxim- diameter ratio(e.g., magnetic torquexsare present, induc-
ity to many sources of stray magnetic fields, substantialljtion effects will dominate, thereby introducing great
limits their accuracy. difficulties in interpretation of the data.

The complexity and cost of the early spacecraft magnetic ~ Another important magnetic control tool has been added
control programs were truly staggering by today’s standardsby today’s widespread availability of mathematical modeling
Special honmagnetic materials were selected for custonsoftware in personal computers, which has allowed rapid nu-
built passive and active electronic components and very ofmerical and/or analytical computation of the magnetic fields
ten were incompatible with reliability considerations. Every generated by permeable structures and different circulating
spacecraft component was magnetically characterized in deurrent geometries. These are particularly useful in the case
tail at magnetic test facilities and eitheompensated foor  of solar arrays where many linear current segments and cur-
its design modified to use nonmagnetic parts. The Pioneer Ii@nt sheets are involved and a minimal magnetic signature
and 11 spacecraft launched in 1973 to explore Jupiter andue to the variable circulating currents is desired. In some
Saturrt®® were able to achieve a residual static field of lesscases, like in the Mars Global Surveyor mission, the large
than 0.01 nT(basically, the limit in practical measurement size of the solar arrayé~15 nf) made it possible to use
capability at magnetic test facilitiesat the end of a 3 m them as booms to place the magnetometer sensors some 5 m
boom where the principal magnetometer sensor was locatettom the main body of the spacecraft, at the outer edge of
Similar results were obtained for the Interplanetary Monitor-each panel, obviating the need for a classical deployable
ing Platforms(IMP) launched to explore the Earth’s mag- boom(see Fig. 11 However, that approach required that the
netosphere and the interplanetary medium in the lateurrent paths in the array and solar cells be modeled, calcu-
1960-19708. lated, and manufacture(do precision of 1.5 mmto cancel

The evolution of technology markets and spacecraft cosbut the magnetic field at each sensor location. The final con-
reduction efforts has made it impossible to implement thgamination level achieved in Mars’ orbit for the solar array
kind of magnetic control programs described above in coneontribution was~0.25 nT. This impressive performance
temporary space missions. Most efforts are directed towardsas unfortunately compromised by the presence of large ar-
the goal of minimizing or compensating, within available rays of uncompensated magnets in the traveling-wave-tube
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FIG. 11. Mars Global Surveyor spacecraft, solar panels, locations of mag-
netometer senso®©B and I1B, and high gain antenna which includes the E o
traveling-wave-tube amplifiers and their magnet assemblies.
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amplifiers(TWTASs), which were mounted on the back side 4

of the articulated high gain antenfelGA) (see Fig. 1},
thus creating a source of time varying fields as the spacecraft "
orbited Mars. The magnitude of the error signal created by &,
the TWTA magnets is illustrated in Fig. 12 where data ac-
quired when the solar panels were being articulated is shown
for each of the triaxial magnetometer sensors mounted at the 2
edge of the solar pane(8x, By, andBz. Under ideal con- £ o
ditions no variations in any of the components should have
been observed as a function of panel position and angle.
However, the presence of the TWTA tube magnets leads to -
the time varying signals shown in Fig. 12, and a measure-
ment error as large as9 nT, almost three times the average
value of the interplanetary magnetic field of Mars. These
data were acquired during Specia| maneuvers and solar arrgip. 12. Mars Global Surveyor_ spa}cecraft-generated_magr_wetic fields intro-
motion designed to estimate parameters for analytcal modef{Ce1 b he magnet sssembles iy e FuThe cuaton o e oty
of the spacecraft-generated field to be subtracted from th@ely constant background. The primary and secondary definitions apply to
raw data. the OB and IB sensors, respectively, shown in Fig. 11. X¢Zcoordinates
From the foregoing, it is clear why, in a cost and sched-efer to the spacecraft's principal axes.

ule constrained environment, many space mission managerri% magnetic fluctuations falls off with increasing frequenc
prefer spacecrafvithout sensitive magnetometers! Experi- g mag gireq y

N : :
mental success depends critically on outstanding systems eﬁzl:jgglé’ as (g’. ) W'thtrr: vaLymg appro;)qmatel;t/) betw(e;erjrhl S
gineering, close collaboration among experimental scientist$" epending on the phenomena being observed. The pro-

and spacecraft designers, and real management IeadershipcfESSIng and digitization Of.th? magnetometer analog output
signals for eventual transmission to Earth must therefore take

into account these spectral characteristics and the desired
time resolution. Analog-to-digitalA/D) conversion resolu-
tions of 12 to>16 bits are commonly used to recover as
The study of the frequency spectrum of dynamic pertur-much of the spectrum as possible without having to resort to
bations of the ambient magnetic field is a powerful tool thatprewhitening filters or similar spectrum-shaping techniques
is used to identify the type and characteristics of waves anavhich increase power consumption. The availability of low
other time variable phenomena detected by spacecraft magower, very-high-resolution A/D converters, such as those
netometers. Although most of the applications and researchising sigma—delta techniques, has allowed the simplification
activities are concentrated in the 0 t010 Hz frequency of earlier instrument designs that resorted to complex step-
range, higher frequency and time resolution data are exbiasing techniques to achieve higher resolution than that ob-
tremely useful for identifying interaction boundaries, plasmatainable with 8—12 bit A/D convertefs245:46.79.90.106
waves, magnetohydrodynamic shocks, and other fast phe- To prevent aliasing errors the magnetometer output must
nomena that take place in planetary magnetospheres and lie sampled at least twice as fast as the highest frequency of
the solar wind. Telemetry and power resources, particularlynterest(the Nyquist ratg a fact that coupled to the high
those on spacecraft traveling to the outer reaches of the soldigital resolution required results in the generation of volu-
system, are extremely limited and some form of onboardninous amounts of raw digital data onboard. These data can-
data processing is required to reduce the rate of the dataot be transmitted directly to Earth because of telemetry and
transmitted to Earth. The power spectrum of naturally occureommunication system limitations and intelligent data pro-

llllIllll\llqulllllkllll

T T

3
2
2

21.00

&

ARERERERRR
ool by

TITT T[T T [ TT]

2098 21.00 21.02
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cessing techniques and algorithms are used to implementsually aligned with the spin axis, the magnetic field compo-
data compression and extraction of information from the onnents in the spin plane will exhibit large amplitude modula-
board raw data. Many forms of data compression, both losgion at the spin frequency. This requires that additional band-
less and lossy, have been used to increase the informatiomidth be provided to the magnetometer to resolve the spin
content per magnetometer bit transmitted to the ground. Avfrequency accurately and avoid aliasing, or that spin modu-
eraging and/or data differencing between adjacent sampldation be removed on board prior to data compression and
with periodic baseline recovery is the least complex methodransmission to the ground. The same applies if onboard
and is easily implemented with simple logic algorithms. ForFFT-based spectral analysis is used: the large amplitude spin
a typical magnetic field power spectrum it achieves compresinduced signals must be removed from the data prior to FFT
sion factors in the range of 2—5 without major penalties oprocessing to avoid spectral leakage and dynamic range
storage requirements and hence it is often used in data rapoblems in digital signal process@SP algorithms. Mod-
limited missions where accurate inversion of the compresse€rn space-based magnetometers like those on the WIND and
signal with minimal spectral distortion is an important objec-ACE spacecraft incorporate data de-spinning capabilities in
tive. At the other extreme, complex adaptive lossless algotheir digital processing units as part of the onboard FFT
rithms exist which can achieve compression factors in thgrocessor. The de-spinning algorithm utilizes onboard infor-
range of 10—100 but require significant onboard storage an@ation on the spin rate and spin phase to transform the mag-
processing capabilities and extremely careful time synchronetic field data to a coordinate system aligned with a refer-
nization management. It is important to emphasize that thence direction, usually the Sun.
greater the compression efficientgr entropy per bit the The attractive advanced onboard computational capabili-
greater the sensitivity of the system to bit errors introducedies provided by today’s microprocessors, DSPs, and large
by communication channel performance which may or maynemories have to be traded off against the costs and com-
not be correctable. Where significant light-trip times are in-plexities associated with the space environment, the avail-
volved, retransmission of data packets in ground data ability of high reliability components, fault-tolerant software
networks is not an option since space magnetometers gerfdevelopment, and testing costs. The high radiation environ-
erally require the acquisition of continuous data streamdnent associated with orbits where spacecraft spend a signifi-
without significant gaps and fixed data rate allocations aréant amount of time in the radiation belts or missions to
commonplace. Typical effective data rates for spacecraféupiter like Voyager and Galileo severely limits the types of
magnetic field experiments may range from a few bits pe|deViceS that can be considered for ﬂlght instruments.
second to 2 kbits/s or more while for rockets and balloond-atchup and single-event upsets in memories, processors,
rates of up to several tens of kbits/s are common for direc@nd complex logic devices must also be considered in de-
links. signing magnetic field instruments for space applications.
Onboard spectrum analyzers based on FFT algorithm&he radiation protection afforded by the_ spacepraft bus, fuel
have been used in advanced magnetic field experiments li@nks, and subsystems can be substantial and is usually taken
the one developed for the WIND and ACE spacedaff  into account in trade-off studies. Magnetometers with sepa-
The availability, starting in the early 1980s, of high reliabil- 'ate sensors and electronics can take full advantage of this
ity, low power digital signal processor chips and radiationProtection since the sensors are typically much more radia-
hardened memories made possible the efficient implementdlon tolerant than the electronics and are placed on booms far
tion of FFT engines to process high sample rate magnetomd©m the main body of the spacecraft for magnetic contami-
ter data on board spacecraft. Since the magnetometer ddtgtion reasons.
consist of three simultaneous time series that correspond to
the three orthogonal components of the field, each one mustll. PRE-LAUNCH AND IN-FLIGHT CALIBRATION AND
be stored and processed independently. Phase information A& IGNMENT TECHNIQUES

important, hence both real and imaginary components of the I .
i Accurate calibration of space-based magnetometers with
power spectral matrix are preserved to compute auto- and

. . a dynamic range of a few nanoteslas to hundreds of thou-
cross-spectral power densities as a function of frequency. In :
L . sands of nanoteslas full scale presents unique problems
general, logarithmic frequency scales are desired and thesen. . : : e
. . which require special techniques and facilities. Among the
must be synthesized from the resulting linear FFT transfor- . . ; .
. . . many issues involved, the following are typical.
mation. A number of real time and/or frequency domain data
weighting windows are also implemented to attenuate thé€l) Shielding or cancellation of the Earth’s magnetic field
spectral contamination effects of discrete length data sets. and the generation of accurately known magnetic fields
Spinning spacecraft are usually preferred for simple at- (magnitude and directignincluding very weak fields,
titude stabilization and studies of the plasma and charged “true zero field,” and the minimization of thermoelectri-
particle space environment if full solid angle coverage by the  cally induced magnetic fields caused by temperature gra-
instruments is desired. The spinning motion of the spacecraft dients. The typical frequency range considered is 0 to
sweeps the limited field of view of particle instruments 25-50 Hz.
through solid angle space to achieve a much larger spati@?) The extreme environmental range over which the mag-
sampling of the charged particle populati@he distribution netic field sensors and their electronics must operate and
function). Since the magnetometer is fixed to the body of the  be characterize@@emperature, pressure, radiation, vibra-

spacecraft or to the boom and one of its sensing axes is tion, shock. The parameters of interest are, at a mini-
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FIG. 13. (Color Voyager magnetometer boom, supports, and magnetic shields during spacecraft integration and tests. The shields are required to attenuate the
Earth’s field(~31 000 nT so test measurements in the most sensitive rangenT) can be made.

mum, noise, zero level, scale factor, and dynamic re<100 000 and a few arcsec, respectively. Figure 13 illustrates
sponse for each magnetometer dynamic rangesome of the complexities associated with integration activi-
Depending on the complexity of the associated onboardies that involve long magnetometer booms, in this case that
analog and digital processing units, many additionalof the Voyager spacecraft. The large structures are not de-
functions and parameters are typically monitored andsigned to be self-supporting in the Earth’s gravitational field
characterized. and relatively complex mechanical support equipment must
(3) Determination of the angular alignment of the sensorgye ysed to deploy them.
with respect to an external reference coordinate system |t js a well-known fact that the launch environment and
over the environment defined if2) and in controlled  the transition to the mission phase environment always result
magnetic ﬁglds def!ned.at the beglqnlng of Sec;. I in minor shifts in magnetometer calibration and performance
(4) Determination, calibration or elimination of induced n,rameters except where absolute instruments are involved.
magnetization effects caused by the presence of compG yherefore becomes necessary to apply in-flight calibration
nents_\_/wth ferromagnetic materials of high relative per'techniques that have been developed to recover accurate es-
mgablllty (eg. elect_romagl_wet_c_or)esAIthough the Ma-  timates of the true performance parameters for a given space-
Ferlal may np_t con_trlbute significantly to the stray f'?ld based instrument. To this end, spacecraft attitude maneuvers
its permeability distorts the geometry of the ambient . L e
field sensed by the magnetometer. constitute a powerful calibration _and ver|f_|cat|on tool. They
can be used effectively to establish effective zero levels and
The cost and complexity of the calibration and spaceSensor alignment with respect to the reference &x&¥.
flight qualification activities for space magnetometers can>PinNing spacecraft are particularly good for the estimation
match and exceed those of their development and manufa€f zero levels for the two magnetic field components in the
turing phase. For this reason “heritage” instruments thatspin plane and the angular alignment of the component par-
have already demonstrated their capabilities and limitationgllel to the spin axis. In many three-axis-stabilized spinning
over many space missions are usually preferred since margpacecraft, mechanical sensor “flippers” are used to rotate
of these tests can be simplified or eliminated. The most dethe fluxgate sensors through 90° or 180° and thus establish
manding calibration programs are those associated with uthe effective zero level of the sensofsee Fig. 14 This
trahigh accuracy instruments designed to map the Earth'mechanical rotation is equivalent to inverting the leads in a
magnetic field”"*81where the absolute magnitude and an-bipolar voltmeter to determine its zero offset. Typical devices
gular accuracy required are of the order of 1-2 parts irused to develop the mechanical force needed to rotate the
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ments are needed for the three-dimensional case. The non-
square inverse matrifAB;]"! is usually computed by
pseudoinverse techniques.

The least-squares estimation problem described above is
representative of a whole family of similar techniques that
have been developed to estimate parameters associated with
magnetic field measurements “in flight.” If highly accurate
models of the ambient field are available, as in the case of
the Earth, effective scale factors, angular alignment, and zero
biases are estimated routinely for many space missions.
Where interplanetary and magnetospheric missions are con-
MJS:77 MAGNETOMETER FLIPPER ASSEMBLY cerned the estimation of effective zero levels usually consti-
tutes a major continuing calibration effort due to spacecraft

FIG. 14. Mariner Jupiter—Saturn 7(Koyage) sensor mechanical flipper effacts and their variability. Scale factors are monitored
assembly used initially to establish zero offsets. Heated wax pellet actuators

similar to automobile radiator thermostats, develop the force that causes tﬁ@rou_gh built-in Instrument calibration capabilities using step
sensor assembly to rotatélip) without generating a significant magnetic functions from precision current sources and absolute accu-

field. Radioisotope heater unitRHUs) are used to maintain the sensor racy better than 0.1%-0.25% is seldom required. In some
temperature within its operating range-. instances, it is difficult to simulate ze®-conditions during
testing on the ground and boom alignment angles are not

assembly without generating a magnetic field include waxnown to the desired accura¢kig. 12. Lightweight, large
pellets or bimetal strips. For Earth-orbiting magnetometergliameter coils, usually wound around a parabolic antenna
many calibration parameters can be derived by comparingtructure, have been u$Bdo generate calibration magnetic
the actual measurements to available models of the geomafjelds whose direction is known precisely and allow the de-
netic field"® and deriving least-squares fitted correction algo-termination of in-orbit alignment angles. A single coil allows
rithms. Magnetometers on interplanetary spacecraft do ndhe estimation of only two orientation angles and two coils
benefit from the availability of accurate models of the inter-mounted orthogonal to each other are required for estimation
planetary magnetic field which is extremely time varying.of the full set of alignment angles. However most long
However, many years of observation have shown that mogtooms exhibit preferential distortion about a single dtas-

of this variability is in the angular direction and not in the Sion or bendingand a single coil is usually satisfactory.

field magnitude. It is possible then to formulate a statistical

least-squares estimation algorithm for magnetometer zerg

level errors. If we denote the true ambient magnetic field a%/m' COORDINATE SYSTEMS

two instants of time a8,, andB,, and the field measured Generally, to carry out the research intended the mea-
by the magnetometer at those same timeBgasandBr,,  surements must be expressed in a physical coordinate sys-
respectively, we can write tem, which is different from that of magnetic field
2,108 : : i
AB=B,,— B, (13) sensors: Therefore, coordinate transformations are re

quired which must take into account not only the orientation
and, because of the assumptions discussed above, of the spacecraft in inertial space, but also the internal rota-
tions associated with booms and other instruments and sen-

0.5(Ba1 1 Ba2)-AB=0. (14 sors aboard. A simplified general expression for the desired
The fields measured are given by magnetic field quantities described in a reference coordinate
system and starting with the magnetometer output voltages
Bm=Ba1+Z and Bp,=Bmp+Z, (15 in three channelgV] can be given as
whereZ denotes the “offset” vector due to bias in the mag-  B=[k][V—Z][Msensall Mool M /e inerds (18)

netometer electronics and stray fields generated by the space- . L .
craft. We call this the “effective zero” of the magnetometer, Where B is the measured magnetic field expressed in the

We can estimate the value #fin a least-squares sense from coordinate system desired,is the effective zero level of the
a series of vector measurements=(,2,3,...n) where the magnetometer including the A/D converter and spacecraft

ambient magnetic field has primarily changed direction andontributionsk is a vector whose components are the mag-
perhaps magnitude “adiabatically” as follows: netometer scale factors and A/D converter factors for each

axis, MgensoriS @ nonorthogonal matrix that transforms the
0.5(Bmi+Bmi+1))-AB=Z-AB;, (16)  measurements obtained in the physical sensor system to an
_ ) orthogonal system defined in the sensor fragy,m, is an
Z=[0.5Bmi+Bmi+1)ABIAB] Y, i= 1’2'3""ni orthogonal matrix that transforms the measurements from the
17 sensor frame to the frame of the body of the spacecraft where
where the matrices shown have been computed from the timieertial references are located, alld,. i ¢ iS an orthogonal
series of data. A minimum of three data points is needed tanatrix that relates the spacecraft inertial reference frame to
estimateZ in two dimensions, such as the offsets in the spinthe reference frame desired. It is clear that the ultimate ac-
plane for a spinning spacecraft, while four or more measureeuracy achievable in magnetic field measurements depends
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strongly on precise knowledge of these parameters, many charily designed with sensitive magnetics performance re-
which are closely related to system level performance charguirements in mind. The current stock of high performance
acteristics. Scalar measurements are obviously insensitive tirade, fluxgate sensor materials will be exhausted in the near
coordinate transformation issues and are concerned only witluture, just when spacecraft constellation programs involving
spacecraft magnetic contamination levels. perhaps hundreds of spacecrdfflagnetospheric Multi-
Scale, SWARM, ANTS, et¢.are supposed to be coming on
line. Unless a significant investment is made to recover pro-
IX. THE FUTURE duction capabilities for high-grade Permalloys, the perfor-

The preceding discussion has illustrated the significanc8ance of magnetometers aboard these missions will fall far
of space-based magnetic field measurements and their rejhort of the requirements for “world-class” science and en-
evance, not only for space physics research and planetagn€ering.
exploration, but also for the emerging field of space weather
prediction and quant_|tat|ve assess_men_t of the_geqeffegtwq\-lOMENCLATURE
ness of solar-terrestrial eventsEngineering applications in
low and geostationary orbit will continue to take advantage  The following are space mission acronyms used in the
of the reliability, simplicity, and low cost of magnetometers text.
as attitude sensors and a control element for magnetic torqtCE—Advanced Composition Explorer, NASA Explorer
ing systems. Fluxgate magnetometers are expected to comission launched in August of 1997 to measure and compare
tinue to dominate the field although recent improvements irthe elemental and isotopic composition of the solar corona
magnetoresistance technology will certainly have an impacand to monitor the interplanetary medium.
on high volume applications such as spacecraft constellatiorSNTS—Autonomous Nano-Technology Swarm, a fleet of
used for communications from Earth’s orbit where absoluteminiature spacecraft that would cruise independently to the
accuracy may not be a primary requirement. In the area of\steroid Belt. Each probe would hoist its own solar sail to
space research applications, a significant shortage of lowapture the minute pressure of the Sun’s rays.
noise, high permeability materials, such as those in the PeBEPPI COLOMBO—A joint mission by the European Space
malloy family, is a source of concern. The widespread use oAgency(ESA) and Japan’s Institute for Space and Astronau-
ferrites as magnetic core materials in industrial and commetrtical SciencegISAS) to explore the planet Mercury. It will be
cial applications, with their significant cost and performancelaunched in the near future.
advantages, has caused the almost total disappearance @ASSINI mission—This spacecraft was launched by NASA
U.S. manufacturers of tape-wound cores and specialtin 1997 to explore the Saturn system beginning in 2004.
nickel—-iron—molybdenum alloys used in high performanceCLUSTER II—An ESA mission consisting of four identical
fluxgate sensors. The increasing use of amorphous metallgpacecraft launched in the summer of 2000 to explore near-
glasses to replace Permall8y$°>1%%s a compromise since Earth space.
their lower Curie temperature<300 vs >600°C implies DEEP SPACE 1—A NASA New Millenium Mission
poorer temperature stability. Specialized temperature annedhunched in October 1998 to demonstrate new space tech-
ing of these alloys to improve noise performance does nohologies in propulsion and guidance.
always result in better temperature stability. The market folGALILEO—The GALILEO spacecraft was launched by
research grade instruments is extremely limited and it is NONASA in October of 1989 to carry @ua 2 year detailed
expected that recovery of the high-grade Permalloy producexploration of Jupiter, its moons, and environment.
tion capabilities of the 1970s will take place any time soon.GEOTAIL—The GEOTAIL mission is a collaborative
Limited high-grade Permalloy production capabilities existproject by Japan’s ISAS and the National Aeronautics and
in Europe and Japan but their future is probably just as unSpace AdministratiorlNASA). Its primary objective is to
certain as it is in the US. study the dynamics of the Earth’s magnetotail over a wide

The current trend of spacecraft miniaturization consti-range of distances. It is also part of the International Solar
tutes another significant problem for sensitive, researchferrestrial Physics Program.
grade, magnetic field measurements. In addition to the sigslOTTO—AN ESA mission named after the Italian artist
nificant decrease in signal-to-noise-ratio resulting fromGiotto and launched in July of 1985 to encounter the comet
reduced sensor dimensions, as the spacecraft size is redudddlley.
the distance from the sensor to the sources of unwantedELIOS—A joint NASA—-Federal Republic of Germany
fields is also reduced, and their effect amplifiec~a@ o /r)3 project consisting of two spacecrdfiielios 1 and Helios P
wherer, denotes the reference distance anthe reduced launched in 1974 and 1976 to explore interplanetary space
distance to the source. The overall reduction in spacecraftlose to the Suri~0.4 AU).
power consumption with miniaturization is not sufficient at INTERPLANETARY MONITORING PLATFORM(IMP)—
present to compensate for the deleterious effects of the proxMP-8 was launched by NASA on October 26, 1973 to mea-
imity of the sources. In principle, custom spacecraft and subsure the magnetic fields, plasmas, and energetic charged par-
system designs that take into account magnetic field medicles of the Earth’s magnetotail and magnetosheath and of
surement objectives could result in acceptable performancéhe near-Earth solar wind. IMP-8 was the last of 10 IMP
but are ruled out by cost considerations. Low costspacecraft launched over 10 years.
commercial-off-the-shelfCOTS subsystems are not neces- LIVING WITH A STAR (LWS)—This is a space-weather
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focused, applications-driven NASA research program. ItSNIND and POLAR Missions—The WIND and POLAR
goal is to develop scientific understanding of those aspectspacecraft are part of the ISTP to study Solar-Terrestrial
connected with the Sun—Earth system that directly affect lifePhysics. They were launched in 1994 and 1996, respectively.
and society.

LUNAR PROSPECTOR—A NASA Discovery MISSION g o poiginoy and N. V. Pushkov, Dokl. Akad. Nauk USSES, 77
launched in January of 1998 to orbit the Moon and map its (1959,

surface composition and polar ice deposits, and measurésh. sh. Dolginov, L. N. Zhuzgov, and N. V. Pushkov, Artificial Earth
magnetic and gravity fields. 32?82;95%0?3”(]]6\9,5?_. N. Zhuzgov, and V. A. Selyutin, Iskusstvennyye
MAGNETOSPHERIC MULTI-SCALE (MMS)—A fleet of g0 b 700 ac fogg o o SV W
four spacecraft similar to CLUSTER designed to study the“c. p. Sonnet, J. Geophys. Ré8, 1229(1963.

Earth’s magnetosphere. This mission is part of the NASAZi- ? geEflJlnget al, SﬁaC_e Rgegl, 982(3159160:;’49

Solar Terrestrial Probes program. N o NE;S'S: JPaGC:OphJSS.'CF?@""z'g%% Goee

MAGSAT—The Magsat project was a joint NASA/U.S. sy g Ness, Space Sci. Reld, 459 (1970.

Geological Survey(USGS effort to map near-Earth mag- °N. F. Nesset al, Science233 85 (1986.

netic fields on a global basis. The spacecraft was launched |ir(1)1N F. Nesset al, Science246, 1473(1989.

_ ) 3. E. P. Connerney, M. H. ACanand N. F. Ness, J. Geophys. R€Sglid
October 1979 and re-entered the Earth’s atmosphere SIXEarth Planefso2, 15234(1987),

months later. 123 E. P. Connerney, M. H. ACanand N. F. Ness, J. Geophys. R&Solid
MARINER missions—A series of NASA missions launched 13Earth Planets96, 19023(1991.

since the early 1960s designed to explore the interplanetarya-ngoRusse”' R. C. Elphic, and J. A. Slavin, J. Geophys. B858319
medium and the terrestrial planets. The last spacecraft in they, "¢ Ness, Annu. Rev. Earth Planet Szi.249 (1979.

series were the twin Mariner Jupiter—Saturn probes launcheds. c. Solomon, New Scil65 2223(2000.

in 1977 later renamed Voyagers 1 ands2e below '°D. MacKenzie, New Scil68 2261(2000.

MARS GLOBAL SURVEYOR—A NASA MarS exploratlon 17Sh Sh. Dolginov, L. N. ZthgOV, and S. I. Shkolnlkova, Kosm. ISSIﬁi
o . . 792(1984).

mission launched |n_1996 to map thg red planet and study is; Gf Lur?mann, Rev. Geophy29, 965 (1991

topography, magnetic field, and gravity. 9. Riedleret al, Nature(London 341, 604 (1989.

MESSENGER—A NASA Discovery mission to explore the jjm- H. Acufia et al, Science27 igg?ggga

. . FA. Acuna et al,, Scienc 3 .
planet Mercury to be Iau_nched in 2003. . 2] E. P. Connernegt al, Science284, 794(1999.
NEAR-SHOEMAKER Mission—The Near-Earth Asteroid 2a g, Binder, Science81, 1475(1998.
Rendezvous MissiofNEAR) was launched by NASA in  **G. S. Hubbarcet al, Acta Astronaut41, 585 (1997).

February of 1996 to rendezvous with the Asteroid Eros 433°C: S: Hubbard, A. B. Binder, and W. Feldman, IEEE Trans. Nucl. &&i.

A o . 880(1998.
and orbit this object for 1 year to conduct imaging, gravity,zsg b\ in et al, EOS Trans. Am. Geophys. Unics, 1181 (1974
and magnetic field studies. 2"R. P. Linet al, Science281, 1480(1998.

@ERSTED—The main purpose of the @RSTED satellite is’J. E. McCoyet al, EOS Trans. Am. Geophys. Unid6, 1012(1975.

. . . , : %K. A. Andersonet al, EOS Trans. Am. Geophys. Unidi$, 1012(1975.
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field. This small spacecraft was .built by Denmark andsi | oo et al, Geophys. Res. Let26, 2327(1999.
launched as a secondary payload in January 1999 aboard®a. H. Acura et al, J. Geophys. Res[Planetd 97, 7799(1992.
U.S. rocket. 3M. H. Acura et al, J. Geophys. Res[Planet3 102, 23751(1997).

e : o 34A. Baloghet al, Astron. Astrophys., Suppl. Se92, 221 (1992.
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